Phylogenetic and geographical overlaps in host distributions influence the compositional similarity of ectoparasite fauna in a host-parasite system. In these systems, hosts that are more closely related (phylogenetically) are expected to share more parasitic species than more distantly related hosts. Similarly, hosts sharing a larger geographical distribution overlap are expected to have similar ectoparasites. This study investigated the influence of phylogeny (divergence time) and geographical overlap of some neotropical sigmodontine rodent species on the similarities among their ectoparasite fauna (Mesostigmata and Siphonaptera), using a partial Mantel test. Divergence time was the only significant factor that influenced the similarity among the ectoparasites, when mites and fleas were analysed together. Host species that had diverged more recently displayed ectoparasite fauna that were similar. The similarities of the flea species showed similar results in both separate and joint analyses, but neither phylogenetic nor geographical overlap influenced the similarity in mite species. Fleas were shown to be more host-specific than were mesostigmate mites, probably because of the increased influence of host phylogeny.
I N T R O D U C T I O N
Parasite fauna is the full range of parasite species that exploits a host species throughout its geographical range (Poulin, 2007) . The range of parasites that are associated with a particular host species may be influenced by evolution and is primarily influenced by the acquisition and loss of parasite species over time. A host species acquires a parasitic species either by inheritance from ancestral host species (Brooks, 1988) or by exchange with other related or unrelated host species that co-occur in the same geographical area (Antonovics et al. 2002; Brooks et al. 2006) . In contrast, the loss of an associated parasite species can occur through historical 'accidents' (e.g., the abrupt division of a host population in which a founding population becomes isolated and free of a specific parasite species) or by the dispersal of the host species to new environments, which present unfavourable conditions for some parasite species (e.g., the absence of an appropriate intermediate host in the new environment) (Hafner and Page, 1995; Paterson et al. 1999) . Because of these processes, the composition of the parasite fauna for a particular host species is a result of both its phylogenetic identity and its environment (Kennedy and Bush, 1994) . Accordingly, the phylogenetic effect is expected to manifest through a greater compositional similarity among the parasites of host species with closer phylogenetic relatedness. The effect of the environment may be manifest through greater compositional similarity among the parasite fauna associated with host species that co-occur within a certain environment (e.g., the same geographical area), regardless of their phylogenetic relationship (Hoberg and Brooks, 2008) .
Recent studies have examined the influence of host phylogeny and environment on the composition of parasite communities in some parasite-host systems (e.g., Brooks et al. 2006; Muñoz et al. 2006; Davies and Pedersen, 2008; Poulin, 2010) . In ectoparasiterodent systems, Krasnov et al. (2010) showed that both host phylogeny and environmental factors influence the compositional similarities among the flea and mite communities in the Palaearctic region. Krasnov et al. (2012) further showed that host phylogeny has a greater influence, than environmental factors, on the composition of flea communities parasitizing small mammals in the Neotropical region. Smith et al. (2008) showed that host shift was the major factor influencing the composition of lice communities in rodents that co-occur in the same area. Both Smith et al. (2008) and Krasnov et al. (2012) presented results for the Neotropical region, but the former group presented only data with lice, while the latter group presented data from 4 biogeographical regions, with only 8 out of the 63 published studies presenting data from the Neotropical region.
In South America, the Sigmodontinae subfamily of rodent species contribute the majority of the species richness amongst terrestrial mammals and includes the most common species in small mammal assemblages. Most studies indicate that the ancestors of the sigmodontine rodents originated in Central and/or North America, invading South America approximately 10-14 MYA. Once these rodents became established, they underwent a very rapid radiation, followed by differentiation into tribes and genera (Smith and Patton, 1999; Steppan et al. 2004) . In fact, sigmodontine rodents have a high diversity of forms and occupy a wide variety of niches, from cold montane woodlands to lowland rainforests, dry coastal deserts, and temperate grasslands with lifestyles ranging from semiaquatic to fossorial, arboreal, and scansorial. Although their evolutionary history and ecology are relatively well documented, studies about the influence of these factors on the compositional similarities of their ectoparasite fauna are scarce.
The factors that influence the composition of the ectoparasite fauna of rodents vary between biogeographical regions because each region presents a unique set of species and environmental characteristics, as well as differences in the levels of host specialization by the parasites and differences in the history of the host-parasite associations (Krasnov et al. 2012) . Therefore, the aim of this study was to investigate the influence of the phylogeny (represented by divergence time) and environment (represented by overlap in geographical distribution) of some sigmodontine rodent species on the compositional similarity of their ectoparasites (mesostigmate mites and fleas). This study was designed to contribute to the understanding of the rodentparasite systems in the Neotropical region. The comparatively recent and very rapid radiation of sigmodontine rodents implies that their ectoparasites have had less evolutionary time to switch between distantly related hosts. In addition, because ectoparasites can also parasitize other host species that co-occur in the same geographical area, our hypothesis was that both phylogeny and geographical overlap influenced the compositional similarity of arthropod ectoparasite fauna parasitizing different sigmodontine rodent species.
Arthropod ectoparasite data
Studies on ectoparasites (fleas and mites) of sigmodontine rodents are scarce in the neotropics and most of the published studies were conducted in the southeastern and southern regions of Brazil. Thus, the data collected on ectoparasitic arthropods from Sigmodontinae rodents in the different regions of southeastern/southern Brazil were obtained from 15 published and unpublished works (Appendix Table A1 ; online version only) that recorded the species of mites (Acari: Mesostigmata) or fleas (Insecta: Siphonaptera) found on each rodent species. Some of these rodent species are also distributed across other South American countries; therefore, only a subset of their parasite fauna was considered in this study. Rodent species with less than 5 individual ectoparasites recorded were excluded from the analysis; unique individual records of mesostigmate mite or flea species on a host species were also excluded from the analysis. In total, data for 20 species of mesostigmate mites and 14 species of fleas collected from 16 or 15 rodent species, respectively, were used (in Appendix Tables A2 and A3 ; online version only).
Ectoparasite fauna description
The host ectoparasite fauna was determined by the mean number of ectoparasite species per host species. The host specificity of each mesostigmate mite and flea species was determined by the average taxonomic distinctness index, S TD , because this index incorporates the phylogenetic relationship amongst the host species (Poulin and Mouillot, 2003) :
where s is the number of host species used by an ectoparasite and ω ij is the taxonomic distinctness between host species i and j. In this study, the S TD index was based on a 4-step taxonomic hierarchy (species, genus, tribe, and subfamily) and was limited to mesostigmate mites and flea species recorded in more than 1 rodent host species. Thus, mesostigmate mite and flea species with S TD values close to 3 show lower host specificity than those with a S TD value close to 1, which show high host specificity.
Compositional similarity matrix of ectoparasite faunas
A matrix of the presence/absence of each arthropod ectoparasite species was generated. In this matrix, the presence of an ectoparasite species on a rodent host species was represented by 1, whereas its absence was represented by 0. The compositional similarity of the ectoparasite faunas between the rodent host species was calculated using Jaccard's index (β j ) because this is one of the most frequently used indices in the literature and the statistical properties are well known (Krebs, 1999; Koleff et al. 2003) :
where a is the number of ectoparasite species present in 2 rodent host species, X and Y; b is the number of ectoparasite species present on host species X and absent on host species Y; and c is the number of ectoparasite species present on host species Y and absent on host species X. The similarities among the rodent species were first calculated including all of the ectoparasite taxa and then were calculated separately for each ectoparasite taxon (mesostigmate mites and fleas). This procedure was performed using the environment 2.12.2 (R Development Core Team, 2010) vegan package v.1.17-10 (Okasen et al. 2011).
Estimates of the divergence times of host species
Estimates of the divergence times for the rodent host species were obtained through the construction of a phylogeny tree for these species, based on evolutionary models of nucleotide base replacement. To this end, the mitochondrial cytochrome b gene sequences (cyt b), obtained from GenBank (http://www.ncbi. nlm.nih.gov/genbank) (in Appendix Table A4 ; online version only), were used. These sequences were imported using BioEdit v 7.0.9 and aligned using the accessory program ClustalW (Hall, 2007) . The program jModelTest was used to select the bestfit model of nucleotide substitution by the Bayesian information criterion (BIC) (Posada, 2008) . The 3-parameter model (Kimura, 1981) , including a proportion of invariant sites and rate variation among sites (the model TPM3uf + I + G), was the model selected (BIC = 19855·79, ∆ = 0). The phylogenetic analysis was performed using Bayesian inference with the BEAST program v 1.5.4 (Drummond and Rambaut, 2007) and to assess statistical support for hypothesized clades, posterior distributions were obtained by the Markov chain Monte Carlo method (MCMC), with samples of trees, and parameters were drawn every 1000 steps from a total of 40 million MCMC steps. Because rodent species differ in rates of cytb evolution (Spradling et al. 2001) , the host phylogeny was built under a relaxed clock model with branchspecific rates following a lognormal distribution (Drummond et al. 2006) . The divergence time between hosts species was estimated based on 2 independent fossil calibrations, namely, the NecromysAkodon split (4 MYA) (Reig, 1987) and the earliest fossil record of Oligoryzomys flavescens in South American (1.5 MYA) (Pardiñas et al. 2002) . The host phylogenetic tree obtained in this study resembles other proposed sigmodontine phylogenetic trees (e.g., D 'Elía, 2003; Weksler, 2003) . The few topological differences observed among our phylogeny and these early sigmodontine phylogenies may be the result of the smaller number of species used in this study for the construction of the host phylogenetic tree. Nevertheless, the determined host phylogeny is robust with most clades having posterior probabilities greater than 0·8 (in Appendix Fig. A1 ; online version only).
Geographical overlap
Overlapping geographical distributions of host species were calculated using a presence/absence matrix. A spatial resolution grid of 1°latitude × 1°longitude was constructed over a map of South America. Using the overlap of digital maps of the geographical distributions of rodent host species (Patterson et al. 2007 ), a presence/absence matrix was built, with 1 indicating the presence of the species in each cell of the map and 0 indicating the absence. The geographical overlap between the distributions of the host species was quantified using Jaccard's index (β j ). This procedure was performed using the SAM software v 4.0 (Rangel et al. 2010) .
Data analysis
A partial Mantel test was used to analyse the influence of the phylogeny (divergence time) and geography (geographical overlap) of the sigmodontine rodent species on the similarity of their arthropod ectoparasite faunas (Smouse et al. 1986 ). The partial Mantel test is a non-parametric correlation matrix, which accounts for the lack of independence of among the elements of each matrix and computes a statistic that is related to multiple regression coefficients (Smouse et al. 1986 ). To test the null hypothesis of no correlation, a procedure of randomization by the Monte Carlo method was employed to produce a null distribution. The probability of the null hypothesis was estimated directly by counting the number of randomizations in which the statistical test was less than or equal to the value obtained from the original matrix and dividing this number by the randomization number (10 000 permutations) (Manly, 1991) . The partial Mantel test was performed 3 times: the first test was performed considering the compositional similarities of the ectoparasite faunas in general (Mesostigmata and Siphonaptera); the second considering the compositional similarities of the mite faunas (Mesostigmata), and the third considering the compositional similarities of the flea faunas (Siphonaptera). This procedure was performed using the PASSaGE v 2.0 software (Rosenberg and Anderson, 2011) .
R E S U LT S
In general, when the Mesostigmata and Siphonaptera species were combined, the mean size of the ectoparasite faunas was 9·94 species of ectoparasites per rodent host species, with 11·7% of the pairs of rodent species sharing at least 1 species of ectoparasite. The greatest similarity in ectoparasite fauna among the rodent species was between Akodon montensis and Nectomys squamipes (β j = 0·68).
Examination of only the Mesostigmata parasites, there were an average of 6·37 mesostigmate mite species per rodent host species, with 21·7% of the pairs of host species sharing at least 1 species of mesostigmate mite. The greatest mesostigmate mite species similarity among the rodent species was also between A. montensis and N. squamipes (β j = 0·75). The mean Siphonaptera fauna size was 5·13 flea species per host species, with 23·8% of the pairs of host species sharing at least 1 species of flea. The rodent species A. cursor and A. serrensis demonstrated the greatest similarity in parasitic flea species (β j = 0·87).
The mites and fleas showed high S TD values (Mites: n = 17;x = 2·64 + 0·22; Fleas: n = 11; x = 2·37 + 0·29) (Fig. 1) . The mite species Tur turki showed greater host specificity among mesostigmate species (S TD = 2·33) and was recorded exclusively on rodents belonging to the Akodontini tribe, whereas Gigantolaelaps matogrosensis, G. vitzthumi, and Laelaps castroi showed lower host specificity (S TD = 3) and were recorded on rodents belonging to the Akodontini and Oryzomyini tribes. In fleas, both Polygenis frustratus and P. lakoi showed the greatest host specificity (S TD = 2) with P. frustratus recorded on Akodontini rodents and P. lakoi recorded on Oryzomyini rodents, whereas P. roberti showed lower host specificity (S TD = 2·75) and was recorded on rodents within the Akodontini, Oryzomyini, and Thomasomyini tribes. Comparison of the host specificity index between the mites and fleas showed that mesostigmate mites had lower host specificity than did the flea species (Mann-Whitney U = 157, P = 0·003). The distribution of the species richness of mites (Fig. 2) and fleas (Fig. 3) shows that mites occur on both Akodontini and Oryzomyini rodents, whereas fleas occur mainly on Akodontini rodents.
The compositional similarities between the faunas of ectoparasites (Mesostigmata and Siphonaptera) by the partial Mantel test indicated that the divergence time between the host species was the only significant predictor of whether an ectoparasite species was shared among the rodent hosts; host species that diverged more recently had ectoparasite faunas that were more similar than did species that had diverged earlier (Table 1 , Fig. 4) . The partial Mantel test showed that both the divergence time and geographical overlap between the host species were not significant predictors of the compositional similarity of mesostigmate mite faunas (Table 1) . Following the same pattern presented for the similarities among the faunas of the combined species of ectoparasites, the partial Mantel test showed that the divergence time between the host species was the only significant predictor of whether species of Siphonaptera were shared among the host species (Table 1, Fig. 5 ).
D I S C U S S I O N
The host specificity index values in this study showed that fleas were more host-specific than were the Fig. 4 . Relationship between the divergence time and the proportion of total shared ectoparasite species (Mesostigmata and Siphonaptera). The filled circles correspond to the mean Jaccard's index (β j ), whereas the bar represents the mean deviations. Fig. 5 . Relationship between the divergence time and the proportion of shared Siphonaptera ectoparasite species. The filled circles correspond to the mean Jaccard's index (β j ), whereas the bar represents the mean deviations. mesostigmate mites. The reasons for this difference may be due to biological differences between these 2 groups of ectoparasites. Fleas are only blood-sucking ectoparasites during their adult stage, and although many fleas can feed on a variety of hosts, some flea species require a specific host to produce viable eggs and, thus, show a preference for a particular host (Bush et al. 2001) . On the other hand, mesostigmate mites usually have more generalist food habits that range from predatory to parasitic blood feeding. In fact, in this study, all of the mesostigmate species belonged to the Laelapidae family, considered facultative nest and/or hair parasites, which are able to exploit a wide variety of hosts (Lindquist et al. 2009) .
As predicted, the compositional similarities of flea faunas among sigmodontine rodents were influenced by the host divergence time, with species that had more recently diverged sharing more similar ectoparasite faunas than was observed between species that had diverged earlier. A similar influence of the host divergence time, or geographical distribution overlap, was not observed in the compositional similarities of the mite faunas. These results strongly resemble those from other studies on factors affecting similarities in ectoparasite faunas on rodent species. For example, Kransnov et al. (2010) studied rodentectoparasite systems of the Palaearctic region and showed that host phylogeny influenced the compositional similarities of the ectoparasite communities, but showed that environmental factors (e.g., vegetation and climatic conditions) also had a major influence. In the Neotropical region, Krasnov et al. (2012) showed that the phylogenetic dissimilarity of flea assemblages also was influenced by the phylogenetic dissimilarity of small mammal host assemblages. They suggested that fleas in the New World may simply have had less evolutionary time to switch between distantly related hosts than fleas in the Old World. Considering the evolutionary history of sigmodontine rodents, this also seems to be the case for flea species but not for mesostigmate mites in the Neotropical region.
The fact that neither host phylogeny nor geographical distribution influenced the composition of mesostigmate mite faunas indicates that another process may be responsible for the formation of parasite faunas, namely, the process of ecological fitting. 'Ecological fitting' describes a situation in which an organism interacts with its environment in a way suggestive of a shared evolutionary history when, in fact, the traits relevant to the interaction evolved elsewhere (or are due to an interaction with another organism) and in response to a different set of environmental conditions (Janzen, 1985) . Thus, ecological fitting is a process whereby organisms colonize and persist in novel environments, use novel resources or form novel associations with other species (Agosta and Klemens, 2008) . In this process, the colonization of novel hosts occurs because the parasite has pre-adaptations due to the new host sharing important characteristics with the current host or this adaptation may be the result of the parasite's phenotypic plasticity (Agosta et al. 2010) . Thus, the similarities between the parasite faunas of host species may be determined largely by their morphological, physiological, and/or environmental similarities, which are unrelated to phylogeny and, in some cases, may be due to convergence.
In conclusion, this study found that phylogeny of the host species was the only factor that influenced compositional similarities among ectoparasite faunas. The study also indicated that flea acquisition, by the inheritance process, may be responsible for the formation of the Siphonaptera faunas on the rodent species studied. However, the lack of correlation between the similarity of mesostigmate mite faunas and both divergence time and geographical overlap suggested that other processes influenced the formation of these ectoparasite faunas. Ecological fitting may also underlie the formation of ectoparasite faunas and their similarities. Therefore, additional studies that account for other factors in the analysis can help to strengthen or refute the observed pattern of rodent-ectoparasite associations in Neotropical areas of high host species richness. 
